We present a new method to constrain the grain size in protoplanetary disks with polarization observations at millimeter wavelengths. If dust grains are grown to the size comparable to the wavelengths, the dust grains are expected to have a large scattering opacity and thus the continuum emission is expected to be polarized due to self-scattering. We perform 3D radiative transfer calculations to estimate the polarization degree for the protoplanetary disks having radial Gaussian-like dust surface density distributions, which have been recently discovered. The maximum grain size is set to be 100 µm and the observing wavelength to be 870 µm. We find that the polarization degree is as high as 2.5% with a subarcsec spatial resolution, which is likely to be detected with near-future ALMA observations. The emission is polarized due to scattering of anisotropic continuum emission. The map of the polarization degree shows a double peaked distribution and the polarization vectors are in the radial direction in the inner ring and in the azimuthal direction in the outer ring. We also find the wavelength dependence of the polarization degree: the polarized emission is strongest if dust grains have a maximum size of a max ∼ λ/2π, where λ is the observing wavelength. Hence, multi-wave and spatially resolved polarization observations toward protoplanetary disks enable us to put a constraint on the grain size. The constraint on the grain size from polarization observations is independent of or may be even stronger than that from the opacity index.
INTRODUCTION
Dust coagulation is the first step toward planet formation. Observational constraints on grain size is important in understanding the first stage of planet formation. The grain growth in protoplanetary disks has been evidenced by a low opacity index of protoplanetary disks at millimeter wavelengths, β ≈ 0 − 1, where κ dust ∝ λ −β (e.g., Beckwith & Sargent 1991; Wilner et al. 2000; Kitamura et al. 2002; Andrews & Williams 2005; Ricci et al. 2010b,a; Guilloteau et al. 2011) , which suggests that dust grains are grown to millimeter in size (e.g., Miyake & Nakagawa 1993; D'Alessio et al. 2001; Draine 2006) . However, the constraints on the grain size with opacity index still have uncertainties. The low opacity index at millimeter wavelengths can be reproduced not only by changing grain size, but also by changing chemical composition (e.g., Pollack et al. 1994) or shape (e.g., Min et al. 2005 ). In addition, optically thick disks may account for the low spectral index of protoplanetary disks (e.g., Ricci et al. 2012) .
Recently, millimeter-wave observations have shown that some protoplanetary disks have a strong asymmetry of the surface brightness distribution although the gas is more broadly and smoothly distributed (Casassus et al. 2013; van der Marel et al. 2013; Fukagawa et al. 2013;  kataoka@uni-heidelberg.de Isella et al. 2013; Pérez et al. 2014 ). The lopsided continuum emission with the smooth gas distribution may be a signature of dust accumulation by gas density enhancement created by such as vortex (e.g., Lyra et al. 2009 ). The dust accumulation accelerates the grain growth and thus it may be a hot spot of planet formation. Therefore, the dust coagulation at the hot spot should be observationally investigated.
In this paper, we propose a new method to constrain the grain size in protoplanetary disks, which make use of polarization due to scattering by dust grains. If grains are sufficiently large, the scattering opacity is large and therefore there is a significant amount of scattered light component in dust continuum emission. In such cases, in tandem with the anisotropy of the continuum emission, we shall show that the dust continuum emission is polarized.
Polarized emission of early-stage protoplanetary disks has been detected recently (Rao et al. 2014; Stephens et al. 2014; Segura-Cox et al. 2015) . It is widely believed that the polarization is due to the grain alignment with magnetic field, as analogous to the interpretations of star-forming regions (e.g., Girart et al. 2006 Girart et al. , 2009 Hull et al. 2013 Hull et al. , 2014 . We propose another possibility of producing polarized dust continuum emission. The proposed mechanism will be tested with ALMA, which has a high sensitivity and a high spatial resolution. This paper is organized as follows. In Section 2, we present the theoretical background of the scattering and the polarization properties of dust grains. We also present a toy model to illustrate that the anisotropic distribution of background emission leads to polarized emission. In Section 3, we perform radiative transfer calculations of protoplanetary disk models. In Section 4, we discuss detectability of the polarization due to dust scattering. In Section 5, we conclude this paper.
THEORETICAL UNDERSTANDING OF SCATTERING OF ANISOTROPIC RADIATION FIELD
In this section, we describe the theoretical backgrounds for polarization due to dust scattering. To obtain the polarization, two conditions are required. One condition is concerning dust grains: the dust size should be appropriate in a way that sufficient polarization degree is produced when incident radiation is scattered. The other is concerning the radiation field: the incident light should have anisotropic distribution. After presenting our dust model in Section 2.1, the first condition is discussed in Sections 2.2-2.4 and the second condition is discussed in Section 2.5.
Dust model
Opacity of protoplanetary disks is dominated by dust grains. The opacity depends on dust properties such as their composition, shape, and size. In this paper, we focus on the dependence on the grain size, which dramatically changes the optical properties.
Dust grains are assumed to be spherical with radius a, and their composition is fixed. The composition is taken to be the same as Kataoka et al. (2014) : the mixture of silicate, water ice, and organics, where the mass fractional abundance is set to be consistent with Pollack et al. (1994) : ζ silicate = 2.64 × 10 −3 , ζ organics = 3.53 × 10 −3 , and ζ ice = 5.55 × 10 −3 . The refractive index of astronomical silicate is taken from Weingartner & Draine (2001) , organics from Pollack et al. (1994) , and water ice from Warren (1984) . We use Mie theory to calculate the absorption and scattering mass opacities and the scattering matrix Z ij (see Appendix for more details). Dust grains are assumed to have a size distribution of n(a) ∝ a −3.5 . The minimum size is taken to be a min = 0.01 µm and we change the maximum size a max in the following discussion. Note that the minimum grain size does not affect the results.
Scattering opacity of large dust grains
Here, we illustrate the dependence of the scattering efficiency on the grain size. Figure 1 shows the absorption and scattering mass opacities of dust grains which have the maximum sizes of 1 µm and 100 µm. The mass opacity is written in unit of cm 2 per gram of dust grains. In the case of a max = 1 µm, the scattering opacity is much less than the absorption at ∼ mm wavelengths. In the case of a max = 100 µm, by contrast, the scattering opacity is larger than the absorption. This implies that the scattering at mm wavelengths is efficient if the dust grains are as large as 100 µm. This is realized in protoplanetary disks because dust grains are believed to have grown to millimeter size (e.g., Beckwith & Sargent 1991) . a max =1 µm, κ abs a max =1 µm, κ sca a max =100 µm, κ abs a max =100 µm, κ sca Fig. 1. -The absorption and scattering mass opacities of dust grains in the cases of amax = 1 µm and amax = 100 µm. The size distribution is n(a) ∝ a −3.5 .
Polarization dependence on the scattering angle
The polarization by dust scattering strongly depends on its scattering angle. We investigate the dependence of the polarization on the grain size, the scattering angle, and the wavelengths. Figure 2 shows the degree of polarization due to single scattering averaged with the size distribution (−Z 12,eff /Z 11,eff ) for several maximum grain sizes in the cases of λ = 3.1 mm and λ = 870 µm. In the cases of a max = 10 µm and 100 µm, the polarization degree shows a peak at the scattering angle of θ = 90
• , which is the case for the Rayleigh scattering regime that is realized when the grain size is smaller than the wavelength. More specifically, the size parameter x = 2πa/λ is less than unity (Bohren & Huffman 1983) . In the cases of a max = 1 mm and 1 cm, by contrast, the polarization degree is 0 for almost all the scattering angle except at around 135
• , where the polarization degree is around −0.2. Note that at the minimum, the sign of the polarization has been changed, which is known as the polarization reversal (Daniel 1980; Bastien & Menard 1988; Fischer et al. 1994; Murakawa 2010; Kirchschlager & Wolf 2014) . Thus, no polarization is expected if the maximum grain size is larger than roughly the wavelengths, except for the polarization reversal.
Detectable grain size for each wavelength
We now discuss at what grain size the polarization due to scattering is significant. On one hand, we have demonstrated that the scattering by dust grains is significant only when the grain size exceeds roughly the wavelength as shown in Section 2.2. On the other hand, the grain size should be less than ∼ λ/2π to have significant polarization in the scattered light as shown in Section 2.3. Thus, there is a grain size which contribute most to the polarized emission.
We investigate the dependence of polarization efficiency on grain size especially in the cases that wavelengths are 870 µm and 3.1 mm, which correspond to ALMA Band 7 and 3, respectively. Figure 3 shows both the albedo ω = κ sca /(κ abs + κ sca ) and the polarization P = −Z 12,eff /Z 11,eff at 90
• . If the grain size is small, the scattered light is perfectly polarized in the case of 90 scattering. When a max λ/2π, the polarization starts decreasing to 0. By contrast, the albedo ω increases with increasing grain size.
The product of the polarization and the albedo, P ω, gives the grain size that contributes most to the polarized emission at any observing wavelength because the actual observed quantities are Stokes parameters Q and U , which is proportional P ω in the case of single scattering. In other words, P ω represents a window function for the grain size detectable with polarization observations. Figure 4 shows P ω at the wavelengths of λ = 340 µm, 870 µm, 3.1 mm, and 7 mm as a function of a max . The grain sizes that give the maximum values of P ω for each observing wavelengths are summarized in Table 1 . This suggests that detection and non-detection of polarization for a wide range of sub-mm, mm, and cm wavelengths can put a strong constraint on the grain size. 
Anisotropic radiation field
The second condition for producing the polarization due to scattering is the asymmetry in the distribution of the light source. In the case of sub-mm emission from protoplanetary disks, the light source is the thermal emission of dust particles. Therefore, its spatial distribution should be anisotropic to produce polarized scattered light. For example, if the incident radiation from one direction is stronger than that from the direction different by 90
• , the final scattering is partially polarized. Such asymmetry or anisotropy may occur in protoplanetary disks showing ring-like or lopsided surface brightness (e.g., Casassus et al. 2013; van der Marel et al. 2013; Fukagawa et al. 2013; Isella et al. 2013; Pérez et al. 2014) . In this section, we demonstrate that polarization due to self-scattering occurs in such anisotropic radiation field by using a simple toy model. Note that the polarization due to scattering of anisotropic radiation field has been discussed in the context of E-mode polarization of the cosmic microwave background radiation (e.g., Rees 1968; Seljak 1997; Kamionkowski et al. 1997) .
Hereafter, we fix the maximum grain size and wavelengths to be a max = 100 µm and λ = 870 µm, which is one of the best combinations of the efficient polarization, in order to investigate possibilities of detecting mm-wave polarization from protoplanetary disks. Note that the calculated absorption and scattering opacities are κ abs = 0.51 cm 2 /g and κ sca = 1.22 cm 2 /g. Some protoplanetary disks show that radially Gaussian but azimuthally smooth surface brightness (see Section 3 for the protoplanetary disk models). To investigate a possible polarization in that location, we consider a tubelike density distribution as a toy model. The surface density has a Gaussian form in two directions (y, z) as
The adopted values are y 0 = z 0 = 27 AU and ρ 0 = 10 −13 g cm −2 . The observer is in the z direction. Radiative transfer calculations are performed with RADMC-3D
1 . Figure 5 shows that the intensity, polarized intensity, and polarization degree overlaid with polarization vectors 2 . The map of the polarization degree shows that it is peaked around y = 0, which coincides with the peak of the surface density. The polarization degree has two dips around the tube at y ∼ 60 AU and y ∼ −60 AU, then it goes up to a constant value in the outside. In addition, polarization vectors are in the y direction at the peak of the surface density, y = 0, but it is in the x direction in the outer side, y 70 AU.
A: at the peak B: outside y y=0 x z Fig. 6 .-A schematic picture of the mechanism of the polarization due to scattering of anisotropic radiation field. Figure 6 illustrates the polarization mechanism schematically. First we consider the last scattering at point A (at y = 0) before the light reaches the observer in the z direction. If the incident photons propagate in the x direction before the last scattering (the thick red arrows), they are polarized in the y direction after the scattering (the thin red arrow). If the incident photons are in the y direction (the thick blue arrows), they are polarized in the x direction (the thin blue arrow). The former photons dominate over the latter because point A is at the peak surface density and therefore, the radiation is partially polarized in the y direction. The polarization degree depends on the degree of incident radiation anisotropy, or, in particular, the quadrupole moment. Next, we consider the last scattering at point B in Figure 6 which corresponds to the periphery of the tube. Most of the incident photons of the last scattering come from the tube region (y ∼ 0) and therefore are in the y direction. Thus, the radiation from point B is polarized in the x direction.
In summary, we have shown that the polarization degree is significantly high when the following conditions are met. One is that dust grains have a maximum size of a max ∼ λ/2π. The other is that flux coming from two opposite directions are stronger than that from the 90 Figure 6 ) or that the radiation field has a strong gradient (point B in Figure  6 ).
IMPLICATIONS FOR POLARIZATION OBSERVATIONS OF PROTOPLANETARY DISKS
In this section, we investigate whether the polarization due to dust scattering is effective by using protoplanetary disk models. In Section 3.1, we discuss the possibility of detection of the polarization using an axisymmetric ringshaped disk. In Section 3.2, we use lopsided disk models to calculate the polarization.
Polarization from a ring-shaped protoplanetary disk
We assume a protoplanetary disk where the radial profile of dust continuum emission is described by Gaussian, which is realized in some observations (e.g., Isella et al. 2012) . The grain density distribution is assumed to be
where r is the orbital radius. The mass of the central star is taken to be 1.9 M ⊙ . The adopted values are Σ 0 = 0.6 g cm −2 , r d = 173 AU, w d = 27 AU, and h g = 19.8 AU (r/173 AU) 1.5 . These choices of parameters are motivated by recent results of the modeling of HD 142527 (Muto et al. submitted) , although we use different dust models. In addition, the dust density is assumed to be zero if R < 70 AU or if R > 300 AU. We assume that the target is at 140 pc and thus 1 arcsec = 140 AU. Note that the optical depth at the peak is τ = Σ 0 × κ abs = 0.6 g cm −2 × 0.51 cm 2 g −1 = 0.31. Thus, this object is optically thin. Figure 7 shows the intensity, the polarized intensity, and the polarization degree overlaid with polarization vectors. The polarization degree has a double-ring structure. The polarization vectors are orientated to totally opposite directions in the two rings. The vectors in the outer polarization ring are in the azimuthal direction. This is because the background thermal emission has a strong radial gradient at the location of the outer polarized ring. This corresponds to the point B in Figure  6 . By contrast, the vectors are in the radial direction in the inner polarization ring. This is due to the net flux from the azimuthal direction is larger than the net flux in the radial direction. This corresponds to the point A in Figure 6 . This double-ring pattern is a unique feature of the polarization due to dust scattering, and thus this will be a clue to distinguish the polarization mechanism.
Polarization from lopsided protoplanetary disks
We now calculate the expected polarization from a lopsided disk. To mimic the lopsided disk structure observed with the ALMA observations (e.g., Fukagawa et al. 2013) , we further add an azimuthally Gaussian distribution (e.g., Pérez et al. 2014) as follows:
Since broad range of azimuthal contrast of dust continuum emission has been reported so far (1.5 for SAO206462; Pérez et al. 2014 , 24 for HD 142527; Fukagawa et al. 2013, 130 for IRS 48; van der Marel et al. 2013), we consider two cases: model A for low azimuthal contrast and model B for high azimuthal contrast. In the model A, we use the model where the disk is entirely optically thin, while in the model B, the disk is partially optically thick, and therefore, we can also investigate how the difference of optical depth affects the polarized emission.
Specific parameters are as follows. In model A, the ratio of the surface densities between the top and the bottom is 4. The adopted values are Σ max = 0.6 g cm −2 , Σ min = 0.2 g cm −2 , r d = 173 AU, w d = 27 AU, h g = 19.8 AU (r/173 AU) 1.5 , θ d = 0, and φ d = π/3. The radial peak of the dust surface density is located at r = r d , and it is maximized at θ = θ d and minimized at θ = θ d + π. We call the location of the former peak top peak and the latter bottom peak. The optical depth at the top peak is τ = (Σ max + Σ min ) × κ abs = 0.8 g cm −2 × 0.51 cm 2 g −1 = 0.41 , and the optical depth at the bottom peak is τ = 0.21 g cm −2 × 0.51 cm 2 g −1 = 0.11. Thus, model A is showing totally optically thin case.
In model B, the ratio of the surface densities between the top and bottom is taken to be roughly 70. This kind of the strong enhancement is realized in HD 142527, for example (Muto et al. submitted) . The adopted values are Σ max = 3.3 g cm −2 , Σ min = 0.046 g cm −2 , and the other values are the same as model A. The difference between model A and B is the optical depth. In model B, the optical depth at the top peak is τ = (Σ max + Σ min ) × κ abs = 3.3 g cm −2 × 0.51 cm 2 g −1 = 1.68, which is optically thick. Figure 8 shows the intensity, polarized intensity, and polarization degree with polarization vectors of the lopsided disk model A. The polarization degree mainly shows a double-peaked structure. The polarization degree is higher in the brighter region. The polarization vectors are in the azimuthal direction in the outer ring, which corresponds to the point B in Figure 6 , and are in the radial direction in the inner ring, which corresponds to the point A in Figure 6 . This feature is the same as the ring model. Figure 9 is the same as Figure 8 but for model B. The polarization degree maps of the two models are qualitatively similar except for that the polarization degree is lowered in the region of the intensity peak in model B. This feature is realized due to the difference in the polarization degree between optically thick and thin regions. The polarization degree at a specific location of the disk is determined by the anisotropy of the incident radiation field before the last scattering, which corresponds to the region within the range of τ 1 around that location. If the disk is optically thick, the geometric distance corresponding to τ = 1 is small and therefore the incident radiation field is nearly isotropic. This is the reason why the polarization degree decreases at the optically thick region. This reduction of the polarization degree results in two peaks of the polarization degree in the inner ring of model B, which correspond to the location of τ ∼ 1. This case can be tested observationally with HD 142527 for example.
4. DISCUSSION 4.1. Required spatial resolution and sensitivity to detect the polarization We have seen that the ∼2.5% of polarization degree is expected from the dust continuum emission from protoplanetary disks in which the dust particles are grown to sufficiently large size and are distributed in a ring-like or lopsided shape. Here, we discuss the required spatial resolution to detect the polarization due to dust scattering with actual observations. First, we consider the case that we observe a disk without spatially resolving the entire disk. In the case of the ring disk model, no polarization is expected because the polarization is totally axisymmetric and the polarized flux is cancelled out. In the case of the lopsided disks, by contrast, the net polarization pattern is expected even without spatially resolving the whole disk because the polarization pattern is not axisymmetric. However, the net polarization degree is ∼0.1% for model A and ∼0.06% for model B, respectively. Such low polarization degree is unlikely to be detected with instruments to date. Therefore, without spatially resolving the entire disk, no polarization is expected.
Then, how small should be the spatial resolution to detect the polarization? Figure 10 shows the Stokes Q and U images of the ring disk model and the model A of the lopsided disk model. In the case of the ring disk model, the Stokes Q and U maps show butterfly-like signatures. To detect the polarization, we have to resolve the two positive peaks and the two negative peaks. Especially in this case, the peaks have a length of ∼ 1 arcsec in the azimuthal direction and ∼ 0.3 arcsec in the radial direction. Thus, the spatial resolution should be small enough to safely resolve a 0.3 arcsec structure. Moreover, the dust continuum emission should be detected with good signal-to-noise ratio in order to detect the Stokes Q and U. Since the polarization degree is at most ∼ 2 %, the Stokes I should be detected with at least ∼ 250σ level to detect Stokes Q and U with 5σ level. Such requirements of high spatial resolution and good sensitivity can be met in near future ALMA observations. The same discussion is applicable to the case of the lopsided disk model.
Grain size constraints
The polarization due to self-scattering is an independent way to constrain the grain size from the opacity index β (e.g., Beckwith & Sargent 1991) . Although β ≈ 1 at millimeter wavelengths has widely been regarded as an indication of dust growth, in the case of HD 142527 for example, the small β can also be reproduced by dust model of ∼ 3 µm in size with an irregular shape (e.g., Min et al. 2005; Verhoeff et al. 2011) . However, the irregular shape grains are not responsible for the polarization because of their small scattering opacity at millimeter wavelengths due to its small size. Therefore, polarization observations clearly determine whether the grains are large or small with irregularly shape.
In addition, the dust polarization is a unique and powerful way of determining the grain size at optically thick regions. The spectral index at millimeter wavelengths have no information of dust grains if the emission is optically thick. By contrast, although the polarization degree has a maximum value at τ ∼ 1, the polarization can At the top peak, the optical depth exceeds unity, which is realized in HD 142527, for example. Note that the polarization degree is saturated at the outer ring in the right figure to emphasize the polarization degree of the inner ring. The outer ring is unlikely to be detected because the polarized intensity is weak.
be still detectable even at the optically thick regions (see Figure 9) . Therefore, the polarization due to dust scattering is a promising indicator of grain size at shorter wavelengths or at the inner region of disks where the emission is expected to be optically thick.
Other polarization mechanisms
We have shown that the dust scattering can produce the polarization of the dust continuum emission. This is a totally different mechanism from commonly used interpretation of the polarized emission as coming from the dust alignment. Our models indicate some observational characteristics. First of all, our mechanism requires the asymmetry of the radiation field, which comes from, for example, ring-like or lopsided distribution of continuum emission. Secondly, the polarization pattern shows multiple-ring structures. Thirdly, the polarization vector is different by 90
• at the two dust ring. These are unique features of the polarization due to dust scattering, and may be a clue to distinguish this mechanism from dust alignment, although further and detailed comparisons between the two mechanisms should be necessary.
SUMMARY AND OUTLOOK
We have presented a new mechanism of millimeterwave polarization of protoplanetary disks, which is due to dust scattering of anisotropic radiation field, resulting from a ring-like or lopsided dust continuum emission. Our main findings are as follows:
• The polarization degree due to dust scattering is the highest at a max ∼ λ/2π, where a max is the maximum grain size with a size distribution of n(a) ∝ a −3.5 and λ is the observing wavelengths. This is because dust grains should be sufficiently large to have a high albedo but should be sufficiently small to be in the Rayleigh scattering regime in order to make the emission polarized. The grain sizes that contribute most to the polarized emission are shown in Figure 4 and Table 1. The strong dependence of the dust size on polarization implies that we can use the polarization signature as an indicator of dust size in protoplanetary disk.
• Even without a specific light source, the continuum emission is polarized due to self-scattering if the dust emission exhibits quadrupole anisotropy around each location of the disk (see Figure 6) . To demonstrate the self-scattering, we used a tube-like density distribution and performed radiative transfer calculations. As a result, the polarization vectors are perpendicular to the tube at the peak due to the strong flux from the tube. By contrast, the polarization vectors are parallel to the tube at the periphery of the tube because the net flux is in the direction of the gradient of the surface brightness.
• In the case of a ring disk which has a radial surface density distribution expressed by a Gaussian function, the polarization is expected due to the dust scattering. The polarization map shows a doublering structure. The polarization vectors are in the azimuthal direction in the outer disk and in the radial direction in the inner disk. The polarization degree has a peak value just inside the peak of the Stokes I emission. The polarization degree is up to ∼ 2.5% in the specific case.
• We also performed radiative transfer calculations on lopsided protoplanetary disks. We use two models: totally optically thin model (model A) and the partially optically thick model (model B). The model B is motivated by recent millimeter-wave observations on HD 142527. They also show the double-ring structure of the polarization. In the case of the model B, the emission is polarized even at the optically thick region. In addition, the peak polarization is 2.5%, which is likely to be detected with ALMA observations.
We have shown the results of calculations mainly in the case of a max = 100 µm and λ = 870 µm as an illustrative example. This set of parameters is one of the most efficient case for producing the polarized light. The maximum grain size that is responsible for producing polarization is given by a max ∼ λ/2π (see also Figure 4 ) so we expect that we can apply our results to observations at different wavelengths, but further study should be necessary for observations at different wavelengths. In addition, we have assumed that the disk is face-on for simplicity. Since the polarization degree depends on the scattering angle, which is determined by the disk inclination and the position angle of the major axis of the disk, further parameter study is necessary to apply our results to actual observations.
The polarization due to scattering has a potential to determine the porosity of dust grains. Kataoka et al. (2014) have shown that to constrain the porosity of dust aggregates, we need both information of the absorption and scattering opacities. The continuum and polarized emissions have the information of both opacities. Therefore, the proposed mechanism should be further tested with including the porosity to constrain the porosity of dust aggregates in protoplanetary disks. This is a good observational test on the planetesimal formation scenario via fluffy dust aggregates (e.g., Kataoka et al. 2013) .
As discussed in Section 4.2, the polarization is a powerful technique to constrain the grain size compared with the opacity index. This work suggests that spatially resolved polarization observations toward protoplanetary disks opens a new window on grain size constraints in protoplanetary disks.
